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© Light transmitting electrically conductive stacked film. 
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© A light transmitting electrically conductive 
stacked film, useful as a light transmitting electrode, 
including a first light transmitting electrically conduc- 
tive layer, having a first optical thickness, a second 
light transmitting layer, having a second optical 
thickness different from the optical thickness of the 
first layer, and ap electrically conductive metallic 
layer interposed between and in intimate contact 
{v>with the first and second layers. . 
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LIGHT TRANSMITTING ELECTRICALLY CONDUCTIVE STACKED FILMS 



The present invention relates to solar cells and 
in particular to light transmitting, electrically con- 
ductive layers in intimate electrical contact with 
solar ceils. 

The efficiency of a solar device in converting 
light incident upon the device into electrical energy 
is controlled in part by the percentage of light 
transmitted to the amorphous silicon portion. Light 
which is reflected or absorbed within the top con- 
ductive layer, used for electrical interconnection of 
the device, is unavailable for conversion into elec- 
trical energy by the amorphous silicon portion. 
Additionally, the efficiency of the device is depen- 
dent upon the ability of the transparent conductive 
layer to conduct electrons either away from or to 
the amorphous silicon region. Conductivity is par- 
ticularly important in high output solar devices or 
large area devices. 

Generally, efficient transmission of light and 
efficient conduction of electricity by the top con- 
ductive layer are conflicting goals. For example, 
thick metallic conductors (i.e. greater than 50 nm) 
are opaque to light. Very thin films of metal, how- 
ever, are not opaque. A few metals (notably silver 
and aluminum) have low light absorption as thin 
films. However, these same metals are generally 
highly reflective, even as very thin films, thus re- 
sulting in low light transmission. 

One approach of the prior art has been the 
utilization of metal oxides which are both transpar- 
ent and have a rather modest electrical conductiv- 
ity. "Transparent," with respect to metal oxides, 
means that some light is transmitted through the 
material. The transparent conductive oxides require 
excessively thick layers or excessively high deposi- 
tion and/or annealing temperatures to achieve de- 
sirable levels of electrical conductance; however, 
the excessively thick layers of transparent conduc- 
tive oxides cause the device to suffer from reduced 
transmission of light because of increased optical 
absorption. 

The combination of transparent conductive ox- 
ides and metallic conductors has been previously 
suggested. Madan in U.S. patent application 
61,676, filed November 29, 1984, discloses amor- 
phous silicon semiconductors contacting a thin me- 
tallic layer with one overlying antirefiection layer 
approximately 55 to 60 nm thick on top of the 
metallic layer. The Madan antirefiection scheme 
becomes less efficient when the encapsulant nec- 
essary for mechanical and chemical protection of 
the device is applied over the antirefiection layer. 
Specifically, the reflectance increases by 15 to 
25% after a typical encapsulation. The Berman et 
al. U.S. Patent No. 4,663,495, discloses transparent 
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electrodes of high reflectance metals and metal 
oxides laid up in symmetrical stacks. The Okaniwa 
et al. U.S. Patent No. 4,697,041, suggests the use 
of a laminate such as Ti02/Ag/Ti02 as a transpar- 

5 ent electrode. 

The present invention includes a light transmit- 
ting, electrically conductive stacked film, useful as 
a light transmitting electrode, having a first light 
transmitting, electrically conductive layer, a second 

io light transmitting layer dissimilar in optical thick- 
ness from the first layer, and an electrically con- 
ductive metallic layer interposed between the first 
and second light transmitting layers. A photovoltaic 
device includes the light transmitting, electrically 

75 conductive stacked film as a top electrode, a semi- 
conductor layer, and a bottom electrode. 

Figure 1 is a schematic sectional view of a 
photovoltaic device of this invention. 

Figure 2 are results for a computer model of 

20 optical reflectance and transmission for a dissimilar 
stacked film of Sn02/Ag/Sn02 on an amorphous 
silicon solar cell. 

Figure 3 are results for a computer model of 
a dissimilar stacked film as in Figure 4 but includ- 

25 ing an encapsulant layer. 

Figure 4 are results for a computer model of 
a dissimilar double stacked film. 

Figure 5 are results for a computer model of 
a dissimilar triple stacked film. 

30 Figure 6 is a graph of measured reflectance 

from the dissimilar thin film stacks fabricated so as 
to correspond to the models of Figure 1 and Figure 
2. 

A solar device of this invention is generally 

35 shown at 10 in Figure 1. The device includes a 
substrate 12. A first electrical conductive layer 14 
is deposited on the substrate 12. A hydrogenated 
amorphous silicon semi-conductor portion 16 is 
deposited on the first conductive layer 14. A light 

40 transmitting, electrically conductive layer 18 is de- 
posited on the amorphous silicon region 16. An 
optional encapsulant layer 20 is laminated to the 
light transmitting conductive film or layer 18. The 
first conductive layer 1 4 serves as one of a pair of 

45 electrodes for the amorphous silicon region 16, 
which generates electrical current in a circuit when 
exposed to light of appropriate wavelengths. The 
light transmitting conductive layer 18 also serves 
as an electrode for the amorphous silicon region. 

so Solar cell energy conversion efficiency is di- 

rectly proportional to the efficiency of transmitting 
of light to the amorphous silicon portion 16 through 
the light transmitting, electrically conductive layer 
18. For large area cells, this efficiency is also 
proportional to the lateral electrical conductivity of 

2 
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the light transmitting electrically conductive layer 
18. 

The light transmitting conductive film or layer 
18 includes a first light transmitting, electrically 
conductive layer 22 of material, such as a light 
transmitting conductive oxide, a second light trans- 
mitting layer 24 of material, such as transparent 
oxide, both typically deposited by sputtering, and a 
metal layer 26 interposed between the first light 
transmitting conductive layer 22 and the second 
transparent layer 24. The metal layer 26 is typically 
deposited by evaporation or sputtering onto the 
first layer 22, prior to deposition of the second 
layer 24. 

The amorphous silicon region 16, typically, a 
p-i-n system, includes a p-type conductivity layer 
adjacent the bottom conductive layer, an intermedi- 
ate intrinsic layer, and an n-type conductivity layer. 
An alternative construction of the amorphous silicon 
region includes an n-type conductivity layer adja- 
cent the bottom conductive layer, an intrinsic layer, 
and a p-type conductivity upper layer. 

The first electrical conductive layer 14, typi- 
cally is formed of a conductive metal, for example 
stainless steel, aluminum, or silver. Alternatively, 
the first electrical conductive layer may be formed 
as a laminate of metals, such as for example, a 
laminate of stainless steel and silver or aluminum. 

The preparation of the solar device 10 typically 
entails sputtering of a metal onto a substrate 12, 
such as a polyimlde film, to form the first layer 14. 
The amorphous silicon hydride layer 16 is depos- 
ited by decomposing a mixture of silane (SibU) and 
hydrogen (H2) gases and appropriate dopants in a 
plasma assisted chemical vapor deposition system. 
An appropriate dopant to form an n* layer is 
phosphirie (PH3) gas. An appropriate dopant to 
form a p* layer is diborane (B2H6) gas. 

The layers of the device 10 are each in in- 
timate contact with the adjacent layer due to the 
various methods of deposition employed. 

When surrounded by air, symmetrical sand- 
wiching or stacking of a thin layer of metal between 
two dielectrics, such as transparent oxides, is 
known to increase transmission of light relative to 
an unsandwiched or exposed thin metal layer. 
However, symmetrical dielectric stacks are ineffec- 
tive in reducing reflection when in contact with 
another dielectric material of a higher index of 
refraction. Symmetrical stacks are generally inef- 
fective to reduce reflection when employed as a 
transparent top conductive layers, since doped, 
hydrogenated amorphous silicon has a refractive 
index of about 4.0. The present invention employs 
a stack having light transmitting or dielectric layers 
of dissimilar optical thicknesses to reduce detri- 
mental reflectance of a stack or sandwich used as 
a light transmitting top conductive layer. 



By "dissimilar optical thickness" is meant that 
the optical path length differs in each of the layers 
22 and 24. Optical thickness is dependent upon 
physical thickness and refractive index. Thus by 

5 employing nonidentical materials or, alternatively, 
different physical thicknesses or, alternatively, non- 
identical materials and different physical thicknes- 
ses layers 22 and 24, having dissimilar optical 
thickness, may be formed. The resulting stack is 

10 an improvement over previously known light trans- 
mitting electrically conductive electrodes because it 
reflects less light and transmits more light to the 
silicon layer. The reduced reflection and increased 
transmission remain even though a typical en- 

75 capsulant layer 20 is applied. 

Suitable light transmitting electrically conduct 
tive materials are generally of high refractive index, 
for example, from about 1 .8 to 2.4 and exhibit at 
least some electrical conductivity (preferably, is at' 

20 least 1 (ohm-cm)" 1 ), indices of refraction stated 
herein refer to an average value taken at 
wavelengths near approximately 550 nm. since 
some oxides have a high optical dispersion, with 
the index of refraction varying from n = 1 .8 to n = 

25 2.4 for wavelengths from 800 nm to 400 nm, re- 
spectively. Typically, the well known transparent 
conductive oxides are suitable materials. For exam- 
ple, ZnO (optionally doped with a group HI element 
such as AI, In, Qa, or B); Sn02 (doped with F or 

30 Sb); ITO (ln 2 03/S„02); CdSnO*; T1O2 doped with F, 

and SrTi02 are suitable materials for either light , 
transmitting layer. The oxides ZnO, Sn02, and \TOy^ 
(In203/S n 02) are particularly preferred for the first 
layer, layer 22 because of the ease with which they 

as may be doped. An additional requirement for the 
first layer of light transmitting material is compati- 
bility with amorphous silicon. However, the second 
light transmitting layer, not in contact with the 
amorphous silicon, need not be electrically conduc- 

40 tive or compatible with amorphous silicon. By com- 
patible is meant that the electrical current and 
voltage properties of the semiconductor are not 
degraded. An example of an incompatible transpar- 
ent layer is sputter deposited ITO from which, 

45 under some conditions, indium can diffuse into the 
amorphous silicon, and" alter its electrical char- 
acteristics. 

Suitable metals for the metal layer 26 are gen- 
erally highly reflective metals with a high electrical 

so conducti vity=^Suitable metals include but are not 
limrted^silver,^aluminum. gold and copper. Silver 
is particulariy^preferred. In order to achieve low 
optical absorption in the metal layer 26, the first 
light transmitting layer, 22, must be deposited as a 

55 smooth, fine-grained oxide layer. Smooth, fine- 
grained oxide layers promote nucleation of silver 
layers. The resulting silver layers exhibit minimal 
optical absorption properties. 
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Computer modeling was employed to better 
understand the anti-reflection properties of the 
stacked layer upper electrode of Figure 1 based on 
the dissimilar light transmitting films having a layer 
of silver therebetween, and allow for optimization of 
the optical path lengths in each. The computer 
modeling led to the discovery of improved arrange- 
ments of dissimilar optical thickness 
dielectric/silver/dielectric thin film stack electrodes 
which serve to couple a relatively high percentage 
of light into amorphous silicon soiar cells. 

The important parameter in optical design is 
the optical path length, n x d, which is the index of 
refraction, n, of the material in which the light 
travels multiplied by the physical thickness, d, of 
the material through which the lights travels. By 
optical thickness is meant the optical path length 
perpendicular to the face of the layer. Optical thick- 
ness, therefore, is the index of refraction of the 
light transmitting material of the layer, multiplied by 
the film thickness. In order to facilitate understand- 
ing of the invention, the thicknesses, d, stated 
herein for the light transmitting layers are based 
upon the use of transparent conducting material 
with an index of refraction of about 2.0. Of course, 
for materials having different refractive indices, the 
preferred thickness will vary such that the product 
n x d. (the optical thickness) remains approximately 
the same. 

The computer model employed herein is based 
upon the mathematical treatment of stacked thin 
films as presented in Principles of Optics, by Born 
and Wolf, Pergamon Press. Results predicted by 
the model are presented in Figure 2. The stacked 
film used in the computer model consisted of a first 
light transmitting electrically conductive layer 22 
having a thickness of 100 nm in contact with amor- 
phous silicon, a 10 nm thick silver layer and a 40 
nm thick second light transmitting layer. In Figure 
2, the wavelength of the light incident upon the 
stacked film is presented on the abscissa in nm. 
The lower curve 101 shows reflectance. The upper 
curve 102 shows the amount of light which is not 
reflected (i.e. 100% - % reflectance). The middle 
curve 104 shows the transmission of light into a p- 
i-n amorphous silicon solar cell by the stacked film. 
The computer model predicts a broad double mini- 
mum of the reflectance occurring at wavelengths of 
approximately 450 nm and at 640 nm. 

Computer modeling was also conducted for 
solar cells encapsulated with a material having an 
index of refraction of about 1.5, which is repre- 
sentative of either a typical polymer encapsulant or 
a typical glass encapsulant The transmission of 
fight through a stacked film covered by an en- 
capsulant of n = 1.5 into an amorphous silicon 
solar cell is shown in Figure 3. Curve 105, the 
lower curve, shows reflectance. Curve 106, the 



upper curve, shows the amount of light not re- 
flected. Curve 107, the middle curve, shows light 
which would be transmitted into an amorphous 
silicon cell by the encapsulated stacked film. In the 

s computer model, a correction was not made for 
front surface reflection from the encapsulant. Fur- 
ther, the curves for both Figures 2 and 3 are based 
upon the impinging light being incident on the 
surface in a direction perpendicular to that surface. 

io The model assumes an artificially thick amorphous 
silicon solar cell, in order to simplify and reduce 
the interference peaks in the far red which occur 
with amorphous silicon films in typical solar cells. 
In Figure 3, note that the local reflection maximum 

75 associated with an unencapsulated stack is con- 
verted to a local minimum upon encapsulation. This 
predicts that the cells should change color, from 
green to blue upon encapsulation, as is observed 
experimentally. (The human eye is more sensitive 

20 to blue wavelengths than to the far red 
wavelengths.) The present invention is also ap- 
plicable to an encapsulant within a wide range of 
indices of refraction. For example, any encapsulant 
having an index of refraction (n) from about 1.0 

25 (such as air) to about 2.0 is compatible with the 
present invention. 

The high optical transmission for the encap- 
sulated stacked film bears a strong resemblance to 
the transmission of light through a quarter-wave 

30 thick coating of indium-tin oxide (ITO) on amor- 
phous silicon. However, while possessing optical 
characteristics similar to quarter-wave ITO, the 
stacked film of this invention significantly reduces 
the sheet resistance from approximately 100 ohms 

35 per square, which is representative of a quarter- 
wave thickness of ITO, to approximately 8 ohms 
per square. The advantage of the stacked film of 
this invention is that it allows low sheet resistance 
metals for example, silver, to be employed in top 

40 conductive contacts which retain the high optical 
transmission characteristics of thin layers of trans- 
parent conductive oxides. This advantage is main- 
tained in the presence of a wide range of en- 
capsulants, having refractive indices from about 1 .0 

45 to about 2.0. 

One feature of the present invention is the first 
light transmitting layer has a greater thickness than 
the second light transmitting layer. The thickness 
differential may be alternatively described as a 

so layer of material interposed between a silicon layer 
and a conventional symmetrical oxide/metal/oxide 
sandwich. However, no physical boundary is 
present between the interposed layer and the con- 
ventional sandwich. While not wishing to be bound 

55 by theory, it is believed that the additional thick- 
ness of mat rial has an optical thickness clos to 
one-quarter the wav length of the incident light 
(550 nm is typically chosen as the center 



4 



BNSDCCID: <EP 0372929A2J_> 



7 



EP 0 372 929 A2 



8 



wavelength of visible light). The extra quarter 
wavelength optical thickness of oxide serves to 
produce a 180* phase shift of the electric field 
reflected from the silicon surface in order to de- 
structively interfere with the electric field reflected 
from the top surface of the stack. The conventional 
symmetric stack of 40 nm oxide/10 nm siiver/40 
nm oxide is essentially a silver layer with an an- 
tireflection layer on each side. These antireflection 
layers are only effective when the remaining ex- 
posed sides thereof are in contact with a material 
having a lower index of refraction. A material hav- 
ing higher index of refraction, such as doped, hy- 
drogenated amorphous silicon, does not produce a 
180° phase shift at the interface, thus causing the 
antireflection effect to fail. The additional quarter 
wave thickness of the present invention shifts the 
phase of the light by 180* thus maintaining the 
desirable antireflection effect. Without the differen- 
tial quarter wavelength thickness of material 
present in the first light transmitting, electrically 
conductive layer of the present invention, approxi- 
mately 30% of the visible spectrum would be re- 
flected. 

The differential thickness of light transmitting 
material present in the first layer of this invention 
varies slightly from an exact quarter wave thickness 
of incident light. The slight variation is due to the 
dispersion of optical constants across the visible 
spectrum and the use of a microcrystalline silicon 
p* layer in the p-i-n solar cell model. Thus, the 
preferred stacked film includes a lOOnrn thick layer 
of ZnO in contact with both the amorphous silicon 
and the interposed silver layer, and a 40 nm thick 
layer of ZnO also in contact with the silver layer. 
For the special case of a silicon carbide p* layer, 
the thickness of the 100 nm layer should be re- 
duced to about 90 nm. 



Example 1 



In order to conveniently measure the electrical 
conductivity of the silver layer of the sandwich, an 
8 nm thick layer of silver was sputtered on a 15 nm 
layer of sputtered ZnO on a glass plate. The layers 
had a sheet resistance of about 8 ohms/square and 
an absorption loss of about 10% for light having a 
wavelength of about 400 nm to about 800 nm. 
Sheet resistance is determined by measuring the 
electrical resistance between two opposing edges 
of any square sh at of a thin film. Electrical contact 
to each edge is made by a highly conductive metal 
strip that runs the entire length of the edge. The 
convenience of using this measurement of resis- 
tance is the independence of the unit from the size 
of the square. 



Example 2 



A stacked film of indium-tin oxide ((TO) having 
5 a thickness of 70 nm. a silver layer having a 
thickness of 8 nm, and a zinc oxide (ZnO) layer 
having a thickness of 15 nm were sputtered upon a 
glass substrate by these methods. The resulting 
stacked film had a sheet resistance less than 10 
ro ohms/square and an absorption loss of less than 
10%. 



Example 3 

75 

On a polyimide substrate a preferred embodi- 
ment includes a hydrogenated, amorphous silicon 
n-i-p solar cell semiconductor layer in contact with 

20 a zinc oxide (ZnO) layer 22 having a thickness of 
about 100 nm, a silver (Ag) layer 26 having a 
thickness of about 10 nm, and a zinc oxide (ZnO) 
layer 24 having a thickness of about 40 nm. The 10 
nm thickness for silver was suggested by experi- 

25 ments which determined that 10 nm of silver has a 
sheet resistance of approximately 8 ohms per 
square. 

In an alternative embodiment more than one 
layer of a metal may be employed in an even more 

30 efficient top conductive contact. For example, com- 
puter model transmission curves of double-stacked 
and tripled-stacked silver films are shown in Fig- 
ures 4 and 5. The double and triple stacks are 
compared to the transmission spectra obtained with 

35 a single silver layer of equivalent total thickness. 
The loss of transmission of light for the thicker 
single stack of silver due to absorption, exceeds 
the loss in the double and triple stacked layers due 
to absorption. Multiple silver layers clearly provid 

40 higher optical transmission to the silicon solar cell 
than a single thicker layer of silver. ^ 
In Figure 4, a computer-generated spectra 108 
of a dissimilar double-stacked film is presented. 
The double-stacked film in contact with an amor- 

45 phous silicon layer may be described as a 100 nm 
thick layer of tin dioxide, which in turn is in contact 
with a 10 nm thick layer of silver, topped by an 80 
nm thick layer of tin dioxide, which in turn has a 10 
nm thick layer of silver, topped by a 40 nm thick 

50 layer of tin dioxide. The transmission spectrum of 
the double-layer stacked film is presented at a 
function of wavelength shown in nm at the ab- 
scissa. Additionally, curve 110 is pr sented to 
show the transmission of a dissimilar double- 

55 stacked film in combination with an encapsulant 
having an ind x of refraction of 1.5. For purposes 
of comparison, the transmission of a single stack 
with 20 nm of silver, under an encapsulant, is 
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presented by curve 112. "Dissimilar" in multiple- 
stacked films means that at least one of the trans- 
parent layers is formed of a material which is 
nonidentical to the material of one of the other 
transparent layers, or alternatively, that one of the 
transparent layers is of a different thickness from 
one of the other transparent layers- 
Computer modeling of a dissimilar triple- 
stacked film is shown in Figure 5 at 114. In this 
modeling, amorphous silicon is in contact with a 
100 nm thick layer of tin dioxide which in turn is in 
contact with a 10 nm thick layer of silver, an 80 nm 
thick layer of tin dioxide, a 10 nm thick layer of 
silver, and 80 nm thick layer of tin dioxide, a 10 nm 
thick layer of silver, and finally a 40 nm thick layer 
of tin dioxide. Results with an encapsulant are also 
presented at curve 116. The transmission of a 
single stack with 30 nm of silver is presented for 
comparison by curve 118. Ultimately, the multiples 
of stacked films which may be employed are limit- 
ed B primarily by absorption in the silver and oxide 
films. 

In order to verify the computer models, reflec- 
tance spectra were measured from a stacked film 
fabricated so as to correspond to the models used 
in Figure 2 and 3. The reflectance spectra pre- 
sented in Figure 6 confirm the value of the inven- 
tive construction predicted by the computer model- 
ing. Curve 120 is measured on an unencapsulated 
stack and corresponds to Curve 101 of Figure 2. 
Curve 122 is measured on an encapsulated stack 
and corresponds to curve 105 of Figure 3. 

Although the present invention has been de- 
scribed with reference to preferred embodiments, 
workers skilled in the art will recognize that 
changes may be made in form and detail without 
departing from the spirit and scope of the inven- 
tion. In particular, the present invention is not re- 
stricted to silicon solar cells, since the dissimilar 
stacking arrangement may be employed in contact 
with any material with a high index of refraction. 



Claims 

1. A light transmitting, electrically conductive 
stacked film, useful as a light transmitting elec- 
trode, comprising: 

a first light transmitting, electrically conductive lay- 
er, having a first optical thickness; 
a second light transmitting layer having a second 
optical thickness different from the optical thick- 
ness of the first layer; and 

an electrically conductive metallic layer interposed 
b tween and in intimate contact with the first and 
second light transmitting layers. 

2. Th film of claim 1 wherein the resistivity of 
the film is less than 15 ohms per square. 



3. The film of claim 1 wherein the absorption 
loss of incident light is not more than 10%. 

4. The film of claim 1 wherein the first and 
second light transmitting layers each have a refrac- 

s tive index from 1 .8 to 2.4. 

5. The film of claim 1 wherein each of the light 
transmitting layers are formed of metal oxides cho- 
sen from the group consisting of: 

ZnO (optionally doped with hydrogen, Al, In, Ga, or 
10 B); 

Sn0 2 (doped with F or Sb); 
ITO; 

Cd SnO*; 

T1O2 (doped with F); and 
75 SrTi0 2 . 

6. The film of claim 1 wherein the first light 
transmitting layer is compatible with amorphous 
silicon. 

7. The film of claim 1 further comprising an 
20 encapsulant in contact with the second light trans- 
mitting layer. 

8. The film of claim 7 wherein the encapsulant 
has a refractive index of approximately 1 .5. 

9. The film of claim 1 wherein the first light 
25 transmitting layer has an optical thickness of from 

approximately 180 nm to approximately 230 nm 
and second light transmitting layer has an optical 
thickness of from approximately 20 nm to approxi- 
mately 100 nm. 
30 10. A photovoltaic device including the film of 

claim 1 deposited on a semiconductor layer with 
the semiconductor layer being in electrical contact 
on an opposite side with an electrode layer. 

35 



40 
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<g) A light transmitting electrically conductive 
stacked film, useful as a light transmitting electrode, 
<t including a first light transmitting electrically conduc- 
— tive layer, having a first optical thickness, a second 
flight transmitting layer, having a second optical 
thickness different from the optical thickness of the 
^ first layer t and an electrically conductive metallic 
flayer interposed between and in intimate contact 
Wwith the first and second layers. 
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